Viruses of the order Mononegavirales all encode a large (L) polymerase protein responsible for the replication and transcription of the viral genome as well as all posttranscriptional modifications of viral mRNAs. The L protein is conserved among all members of the Mononegavirales and has six conserved regions ("domains"). Using vesicular stomatitis virus (VSV) (family Rhabdoviridae) experimental system, we and others recently identified several conserved amino acid residues within L protein domain VI which are required for viral mRNA cap methylation. To verify that these critical amino acid residues have a similar function in other members of the Mononegavirales, we examined the Sendai virus (SeV) (family Paramyxoviridae) L protein by targeting homologous amino acid residues important for cap methylation in VSV which are highly conserved among all members of the Mononegavirales and are believed to constitute the L protein catalytic and S-adenosylmethionine-binding sites. In addition, an SeV L protein mutant with a deletion of the entire domain VI was generated. First, L mutants were tested for their abilities to synthesize viral mRNAs. While the domain VI deletion completely inactivated L, most of the amino acid substitutions had minor effects on mRNA synthesis. Using a reverse genetics approach, these mutations were introduced into the SeV genome, and recombinant infectious SeV mutants with single alanine substitutions at L positions 1782, 1804, 1805, and 1806 or a double substitution at positions 1804 and 1806 were generated. The mutant SeV virions were purified, detergent activated, and analyzed for their abilities to synthesize viral mRNAs methylated at their cap structures. In addition, further studies were done to examine these SeV mutants for a possible host range phenotype, which was previously shown for VSV cap methylation-defective mutants. In agreement with a predicted role of the SeV L protein invariant lysine 1782 as a catalytic residue, the recombinant virus with a single K1782A substitution was completely defective in cap methylation and showed a host range phenotype. In addition, the E1805A mutation within the putative S-adenosylmethionine-binding site of L resulted in a 60% reduction in cap methylation. In contrast to the homologous VSV mutants, other recombinant SeV mutants with amino acid substitutions at this site were neither defective in cap methylation nor host range restricted. The results of this initial study using an SeV experimental system demonstrate similarities as well as differences between the L protein cap methylation domains in different members of the Mononegavirales.
The order Mononegavirales includes many medically important pathogens including the lethal rabies, Ebola, Marburg, Nipah, and Hendra viruses. All members of this order share a similar genome organization and common mechanisms of genome replication and gene expression (27, 32, 48) . The RNAdependent RNA polymerase of members of the Mononegavirales is packaged into mature virions and consists of two viral subunits, the phosphoprotein (P) and the large (L) protein.
The L polymerase protein, whose large size (more than 2,000 amino acids [aa] in a single polypeptide chain) reflects its multifunctional nature, plays a central role in virus RNA replication and transcription. This protein has six sequence regions ("domains") with a high degree of homology among all members of the Mononegavirales. Although there is no protein structure data available for any part of the L protein, these domains have been postulated to constitute the specific enzymatic activities of the viral RNA polymerase involved in transcription, mRNA 5Ј capping, cap methylation, mRNA 3Ј polyadenylation, and replication of viral RNA (27, 32, 48) .
The mRNA 5Ј-cap structures of most members of the Mononegavirales are methylated by the L protein at the guanine-N7 and 2Ј-O-adenosine positions (1, 3, 18, 37, 42, 44) . The methyltransferase (MTase) function of L was originally shown through the characterization of two host range (hr) mutants of vesicular stomatitis virus (VSV) (family Rhabdoviridae). It was shown that these mutants were defective in viral mRNA cap methylation (24, 25) and that purified wild-type (wt) L protein was able to complement their defect during transcription in vitro, demonstrating that the VSV L protein possesses cap MTase activities (21) . Later, independent computational analyses (5, 13) proposed that while L proteins share a very low degree of homology with the known S-adenosylmethionine (AdoMet)-dependent MTases at the amino acid level, their domain VI has a prototypical MTase fold, a glycine-rich motif shared by all members of the AdoMet-dependent MTase superfamily and directly involved in AdoMet binding (26, 34) , and several potential catalytic residues. Our recent analysis of the VSV hr1 mutant showed that a single-amino-acid substitution (D1671V) in this putative AdoMet-binding glycine-rich motif completely eliminated viral mRNA cap methylation at both the guanine-N7 and 2Ј-O-adenosine positions (17) , thus experimentally supporting the above-described predictions (5, 13) . In addition, other authors demonstrated that substitutions at other positions within the VSV L protein domain VI (in-cluding an invariant lysine 1651 and aa 1670 and 1672 within the glycine-rich motif) also resulted in various defects in mRNA cap methylation (16, 17, 29, 30) . The importance of domain VI in cap methylation was biochemically demonstrated for Sendai virus (SeV) (family Paramyxoviridae) by Ogino et al. (40) using an in vitro assay with a fragment of the L protein that contained domain VI. Intriguingly, only the guanine-N7 but not 2Ј-O-adenosine MTase activity was detected in that study (40) , although SeV normally produces mRNAs methylated at both the guanine-N7 and 2Ј-O-adenosine positions (44) . Although all these studies suggest that a conserved domain VI is the MTase domain of L, many important questions remain, including the MTase specificity of domain VI (guanine-N7, 2Ј-O-adenosine, or both), and there have been no reports for the L protein in VSV or any other members of the Mononegavirales that directly demonstrate the location of the L protein region physically binding AdoMet.
In addition to defective cap methylation, a link between L protein MTase activities and the phenotype of the VSV mutants was documented. Specifically, VSV mutants defective in cap methylation were temperature-sensitive (ts) and, more interestingly, host range restricted (hr), as manifested by their inability to grow in certain nonpermissive cell lines (e.g., HEp-2 cells) while retaining their ability to grow to high titers in permissive cells (e.g., BHK-21 cells) (16, 17, 24, 25) . Previous studies linked the inability of VSV cap methylation-defective mutants to grow in HEp-2 cells to the nontranslatability of primary VSV transcripts (24, 25) and showed that host cells methylate viral mRNA in permissive cell lines through an unknown mechanism (24) .
Most previously published studies focused on the cap MTase function of the L protein using VSV experimental systems. While VSV is the prototypic member of the Mononegavirales and serves as a very useful model for understanding the biology of other less studied viruses (e.g., Ebola virus, due to its extreme pathogenicity in humans), we wanted to confirm that previously discovered MTase features of the VSV L protein are shared by other members of the Mononegavirales. To address it, we decided to determine if L protein amino acids that are important for cap methylation in VSV (including the invariant lysine and the residues within the glycine-rich motif comprising the putative catalytic and AdoMet-binding sites) have similar functions in SeV, the prototypic member of the family Paramyxoviridae. Recombinant SeV viruses with amino acid substitutions at several L positions were generated and analyzed for their abilities to synthesize and methylate viral mRNA. In addition, mutant viruses were tested for possible hr and ts phenotypes, which were previously shown for VSV cap methylation mutants. Our study identified important similarities in cap methylation between rhabdoviruses and paramyxoviruses as well as some unexpected differences. The implications for cap MTase function in members of the Mononegavirales are discussed.
MATERIALS AND METHODS
Cell lines and viruses. African green monkey (Vero) (ATCC CCL-81), human epidermal carcinoma (HEp-2) (ATCC CCL-23), human lung carcinoma (A549) (ATCC CCL-185), and BSR-T7/5 (derived from baby hamster kidney cells and constitutively expressing bacteriophage T7 polymerase) (4) cells were used for virus infections and plasmid transfections. Monolayer cultures of these cell lines were maintained in Dulbecco's modified Eagle's medium (Cellgro) supplemented with 9% fetal bovine serum (Gibco). Recombinant wt (rWT) SeV (strain Fushimi) (28) and SeV-GFP-Fmut (rWT-GFP) with an enhanced green fluorescent protein (GFP) upstream of the NP gene (49) were kindly provided by Wolfgang J. Neubert (Max Planck Institute of Biochemistry, Germany). To grow and purify wt or mutant SeV, Vero or BSR-T7 cells were infected with wt or mutant viruses at a multiplicity of infection (MOI) of 0.1 cell infectious units (CIU)/ml in MegaVir HyQSFM4 serum-free medium (SFM) (HyClone) and in the presence of 4 g/ml acetylated trypsin (28) and incubated for 48 to 120 h at 34°C. Cleavage by a cellular protease is necessary for the SeV fusion (F) protein to be biologically active in vivo, making the viral particle infectious and allowing for multiple rounds of virus replication. SeV-GFP viruses were grown similarly but without acetylated trypsin in the medium, as they have a wt monobasic trypsin-dependent cleavage site in the F protein mutated to an oligobasic cleavage site, allowing F activation in any cell type through a ubiquitous furin-like protease (49) . The released viruses were purified from the medium as described previously (17) ; suspended at about 5 mg/ml in a solution containing 1 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 10% dimethyl sulfoxide; and stored at Ϫ80°C. Recombinant wt VSV (Indiana serotype) and its derivative, VSV rHR1-1 (referred to as hr1 in this paper), with a single amino acid substitution, D1671V, in the L protein were described previously (17) .
Virus growth analysis. SeV infectivity, expressed as CIU/ml, was measured by virus titration on Vero cells and counting infectious foci visually using light microscopy and/or an immunofluorescence (IF) assay for SeV mutants or by GFP-based fluorescence for SeV-GFP viruses. For IF, SFM from six-well plates was aspirated 2 or 3 days postinfection, and cells were washed with phosphatebuffered saline (PBS), fixed with 3% paraformaldehyde (Sigma) for 10 min, and permeabilized for 2 min on ice with a solution containing 20 mM HEPES (pH 7.5), 300 mM sucrose, 50 mM NaCl, 3 mM MgCl 2 , and 0.5% Triton X-100. Cells were then blocked in PBS with 5% bovine serum albumin for 20 min and incubated with anti-SeV primary antibodies (1:100) for 1 h. Cells were washed, incubated with goat anti-rabbit IgG-fluorescein isothiocyanate antibodies (Santa Cruz) for 1 h in the dark, and viewed under a fluorescent microscope to determine virus titer. For multistep growth analysis, Vero or HEp-2 cells in six-well plates were infected at an MOI of 0.001 CIU/cell in 1.5 ml SFM per well. One hour postinfection (p.i.), medium was aspirated, cells were washed with PBS, and 1.5 ml SFM with 1 g/ml acetylated trypsin was added to each well. Supernatants were harvested at 12-h (for Vero cells) or 24-h (for HEp-2 cells) intervals and flash-frozen at Ϫ80°C. Virus titers were determined using a 96-well plate format by infecting Vero cells with the serial dilutions (1:8) of wt or mutant SeV (collected at various time points) and incubation at 37°C with shaking. At 1 h p.i., viruses were aspirated, and cells were overlaid with 100 l SFM with 2 g/ml of acetylated trypsin, and cells were analyzed at 48 h p.i.
Plasmids and mutagenesis. pGEM plasmids containing wt genes for SeV NP, L, and Pstop (expressing P but not C due to a stop codon in the C open reading frame, referred to here as wt P) under the control of the T7 promoter were described previously (10) . Plasmid pGEM-L and mutagenic primers were used for the L protein domain VI deletion and for site-directed mutagenesis (Table 1) . Primers also contained silent restriction sites (Table 1) for screening and confirmation purposes. Using an overlapping PCR approach (22) , two rounds of PCR were done using wt plasmid pGEM-L as a template, common flanking primers VG19 and VG20, and two specific primers designed for amino acid substitutions ( Table 1 ). The final PCR products were digested with XhoI and MfeI and cloned into XhoI-MfeI-digested plasmid pGEM-Lwt. All L plasmids were tested for the presence of silent sites by digestion with the appropriate silent site enzymes, followed by sequence analysis to confirm the presence of the desired mutations and the absence of any spontaneous secondary mutations. SeV plasmids pTM-NP, pTM-P, and pTM-L; full-length SeV antigenomic plasmid pRS3Gg (28) ; and SeV plasmid pRSIdeF mut (a full-length SeV antigenomic plasmid with the GFP gene inserted upstream of the NP gene), used for the rescue of recombinant SeVs, were kindly provided by Wolfgang J. Neubert (Max Planck Institute of Biochemistry, Germany).
Recovery of recombinant SeV. Recombinant virus rescue was done using the reverse genetics system for SeV described previously by Leyrer et al. (28) using plasmids with SeV wt NP, P, and L genes and SeV full-length genomic cDNA (wt or mutant L gene) all under the control of the T7 promoter. For this study, we used the BSR-T7 cell line stably expressing the T7 RNA polymerase (4) for initial plasmid transfections and Vero cells for consequent virus passages. The K1782A, G1804A, E1805A, G1806A, and G1804A/G1806A mutations were introduced into full-length genomic SeV plasmid pRS3Gg. To obtain a mutant plasmid, pGEM-Lmut was digested with KpnI and NheI, and the fragment containing the L mutation was cloned into KpnI-NheI-cut pRS3Gg. Similarly, K1782A, E1805A, and G1806A mutations were introduced into plasmid 1670 MURPHY AND GRDZELISHVILI J. VIROL.
pRSIdeF mut to generate recombinant SeV-GFP viruses. To rescue recombinant viruses, 10 g of full-length plasmid pRS3Gg or pRSIdeF mut containing wt or a mutant L gene along with 1 g of plasmid pTM-L, 3 g of plasmid pTM-P, and 5 g of plasmid pTM-NP plasmid were transfected into BSR-T7 cells in 35-mm dishes using Opti-MEM medium (Gibco) and Lipofectamine (Invitrogen) in a total of 2 ml according to the manufacturer's protocol. All transfection reaction mixtures were incubated for 24 h at 34°C. After 24 h, the transfection medium was aspirated, and 1.5 ml of SFM and 4 g/ml acetylated trypsin were added to each well (SeV-GFP viruses were grown without trypsin). The cells were then incubated at 34°C for 2 days. On day 3 posttransfection (p.t.), 500 l of BSR-T7 supernatant was collected and passed (passage 1) onto a fresh monolayer of Vero cells in 1 ml of fresh SFM medium with 4 g/ml acetylated trypsin. Between 2 and 5 days following passage 1, there were noticeable cytopathic effects (CPE), cellular debris was pelleted, and the medium was harvested. The titers of recombinant SeV mutants on Vero cells with an agar overlay with 4 g/ml acetylated trypsin were determined, and individual infectious foci were picked and grown on Vero cells. Recombinant viruses were purified as described previously (17) , and all mutations were confirmed by reverse transcription-PCR and digestion with the appropriate silent restriction enzymes and by sequence analysis for the presence of the desired mutations and absence of any spontaneous secondary mutations in the L gene.
In vitro transcription with T7-expressed L proteins. For the virus-driven expression of bacteriophage T7 RNA polymerase, Vero or A549 cells were infected with T7-expressing vaccinia virus (VV-T7) (15) . To express wt SeV P and wt or mutant SeV L proteins, 60-mm dishes of A549 or Vero cells were infected with VV-T7 at an MOI of 2.5 PFU/cell for 1 h at 37°C, washed with Opti-MEM (Gibco), transfected with 1.5 g of SeV plasmids pGEM-Pstop and 1 g of pGEM-L (wt L or one of the mutant L genes) using Lipofectamine, and incubated at 34°C in Opti-MEM. At 18 h p.t., cytoplasmic extracts were prepared exactly as described previously (8, 17) . To assay for SeV mRNA synthesis, 1 g of wt SeV polymerase-free RNA-N template and 20 Ci of [␣-
32 P]CTP were added to each extract, and reaction mixtures were incubated for 2 h at 30°C. Total RNA was purified using RNeasy columns (Qiagen) and analyzed by 1.5% agarose-6 M urea gel electrophoresis. The gels were fixed in 7% acetic acid, dried, exposed to Kodak X-OMat film for 18 h at Ϫ80°C, and quantitated using a PhosphorImager and ImageQuant software (Molecular Dynamics).
In vitro transcription using purified SeV virions. SeV in vitro transcription by detergent-activated purified virions was conducted essentially as described previously (35) . For [␣-
32 P]UTP-labeled RNA, 10 g of purified virus was incubated at 30°C for 6 h in a 50-l reaction mixture containing 30 mM HEPES-KOH (pH 7.9); 75 mM NaCl; 50 mM KCl; 6 mM MgCl 2 ; 2 mM dithiothreitol; 2 mM spermine; 0.1% NP-40; 500 M each of ATP, CTP, and GTP; 50 M UTP; 50 U of RNasin (Promega); 12 g of purified tubulin (Ͼ99% pure) from bovine brain (Cytoskeleton Inc.); and 20 Ci of [␣-
32 P]UTP. Total RNA was purified using RNeasy columns (Qiagen) and analyzed by 1.5% agarose-6 M urea gel electrophoresis. The gels were fixed in 7% acetic acid, dried, exposed to Kodak X-OMat film for 4 to 18 h at Ϫ80°C, and quantitated using a PhosphorImager. To test for viral mRNA cap methylation, in vitro transcription by detergentactivated purified wt or mutant SeV was conducted as described above, but RNA was synthesized in a 200-l reaction mixture with cold nucleoside triphosphates (1 mM each) and 11 Ci of Western blot analysis. To compare the amounts of the P and L proteins, total protein samples from transfected cytoplasmic lysates (5 l of a total of 100 l of lysate) were separated by 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted onto a polyvinylidene difluoride membrane (Sigma). The blots were incubated with a mixture of antibodies against the SeV L and P proteins and developed with a horseradish peroxidase-conjugated secondary antibody using the Enhanced Chemiluminescence Plus protein detection system (GE Healthcare) according to the manufacturer's protocol.
RESULTS
Generation of transcriptionally active SeV L protein mutants with amino acid substitutions in the putative AdoMetbinding site. To date, all the domain VI mutagenesis studies have been carried out using the VSV (a rhabdovirus) experimental system (16, 17, 29, 30) . Based on those studies and computational predictions (5, 13), it has been postulated that 
None GGCTCTTTGGCATCAACCTTCTATCGAGGCACCCC (ϩ)
GGGGTGCCTCGATAGAAGGTTGATGCCAAAGAGCC (Ϫ) Upstream primer VG19
for cloning and sequencing
CATACCTATGCAGCTTGGCAGAGA (ϩ)
Downstream primer VG20 for cloning and sequencing
TAACCCTCAGGTTCCTGATCTCAC (Ϫ)
a Lowercase letters show substituted nucleotides resulting in the amino acid change. The underlined nucleotides represent alanine codons generated as a result of site-directed mutagenesis. ϩ, plus sense; Ϫ, antisense.
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SeV L PROTEIN AND mRNA CAP METHYLATION 1671 the glycine-rich motif (L amino acid positions 1670 to 1674 in VSV and positions 1804 to 1808 in SeV) constitutes an AdoMet-binding site of L, while an upstream invariant lysine (amino acid positions 1651 in VSV and 1782 in SeV) is a part of the active MTase site (5, 13, 30) . Because the L proteins of members of the Mononegavirales are conserved and they all have a glycine-rich motif and lysine at the same positions as those in VSV ( Fig. 1) , it has been suggested that these amino acid residues are likely to have a similar importance in all members of the Mononegavirales (5, 13, 30) . To test this hypothesis experimentally, we targeted the SeV L protein amino acid residues homologous to those that are important for cap methylation in VSV by site-directed mutagenesis. Figure 1 shows sequence alignments comparing a portion of domain VI of the L protein (including the glycine-rich motif and a critical lysine) between various paramyxoviruses (Fig. 1B ) and other members of the Mononegavirales (Fig. 1C) . Using plasmid SeV pGEM-L wt (wt SeV L gene under the control of the T7 promoter), single-amino-acid substitutions to alanine were introduced at L amino acid positions K1782, G1804, E1805, and G1806, and a double substitution to alanines was introduced at positions G1804 and G1806 ( Fig. 1A and Table 1 ). Also, two additional mutants were generated: (i) E1805V, based on an analogous D1671V mutation in the VSV hr1 mutant (17), and (ii) L-⌬VI, with a deletion of the entire domain VI to confirm that the presence of this region is critical for L transcriptional activity, as was previously shown for a VSV L protein mutant (7) . To test these mutant L proteins for their abilities to transcribe viral RNA and thus to determine if the corresponding recombinant viruses can be rescued, we used a VV-T7-based mammalian expression system described previously (8, 17) . Briefly, Vero or A549 cells were infected with VV-T7, transfected with SeV P and L (wt or mutant), and incubated at 34°C. At 18 h p.t., cytoplasmic extracts containing P-L complexes were prepared (8, 17) and supplied with the exogenous wt SeV polymerase-free RNA-N template (isolated from wt SeV virions) and [␣-32 P]CTP to assay for SeV mRNA synthesis. The transcription products were analyzed by 1.5% agarose-6 M urea gel electrophoresis, visualized by autoradiography, and quantitated using a PhosphorImager. As shown in Fig. 2 for A549 cells (similar results were obtained with Vero cells) (data not shown), most tested proteins were transcriptionally active except for the L-⌬VI deletion mutant and L-E1805V, where mutations completely inactivated L. The latter result is rather unexpected, as a similar substitution in the VSV L protein (D1671V), while abolishing cap methylation, had little effect on VSV transcription (17) . Nevertheless, as the other mutations passed the in vitro transcription test ( Fig. 2A) , they were cloned into the SeV full-length infectious cDNA plasmid for consequent recovery and characterization of recombinant SeV mutant viruses.
Recovery and phenotypic characterization of recombinant SeV with L mutations. Once it was established that the L genes containing mutations were transcriptionally active (except for L-⌬VI and E1805V), the L mutations were cloned into an SeV full-length genomic cDNA plasmid to generate mutant viruses using the BSR-T7 cell line stably expressing the T7 RNA polymerase (4) for initial plasmid transfections and Vero cells for consequent virus passages. Although BSR-T7 cells are derived from BHK-21 cells (4), which support the replication of cap methylation-defective VSV mutants (17, 24) , we wanted to confirm that BSR-T7 cells were suitable for the recovery of SeV mutants that are potentially defective in cap methylation. Similarly, we wanted to verify that potential cap methylationdefective viruses can be passed on Vero cells, which support the robust replication of wt SeV. Therefore, prior to the rescue attempts, we tested wt VSV and the cap methylation-defective VSV hr1 mutant (17) for their abilities to grow on BSR-T7 and Vero cells and compared them to their growth on HEp-2 cells, which do not support the replication of the VSV hr1 mutant or any other tested cap methylation-defective VSV mutant (16, 17) . The VSV hr1 mutant was unable to grow in HEp-2 cells, as expected (Table 2 ), but was only moderately attenuated in Vero cells (2.4 ϫ 10 9 PFU/ml for wt VSV and 6.0 ϫ 10 7 PFU/ml for the VSV hr1 mutant) ( Table 2 ) and grew normally in BSR-T7 cells (2.4 ϫ 10 9 PFU/ml for wt VSV and 1.1 ϫ 10 9 PFU/ml for the VSV hr1 mutant). Therefore, we concluded that a BSR-T7/Vero recovery system could be successfully used to rescue SeV mutants even if they are defective in cap methylation. Using this approach, we successfully recovered six recombinant viruses, designated rWT, r1782A, r1804A, r1805A, r1806A, and r1804A/1806A. During virus rescue, we noted that while most SeV mutants grew similarly to the rWT in Vero cells (as observed by CPE), CPE development in rK1782A was dramatically delayed (by 48 to 72 h), and rE1805A showed a 24-h delay in CPE development (data not shown). All viruses were confirmed for the presence of the desired mutations and the absence of any spontaneous secondary mutations by virus purification followed by reverse transcription-PCR amplification of the L gene and sequence analysis using primers VG19 and VG20 (Table 1) . Because previously studied VSV cap methylation mutants were hr and ts (16, 17) , we tested all our recombinant SeV mutants for their possible hr and ts phenotypes. The titers of wt and mutant SeVs on Vero and HEp-2 cells at 34°C and 40°C were determined (Table 2 ). In addition, we used wt rVSV and rVSV hr1 viruses as convenient controls for the conditions used in these studies. The rVSV hr1 mutant grew to high titers on Vero cells (permissive cells) at 34°C (permissive temperature) but, unlike wt rVSV, displayed more than a 60,000-fold reduction in growth in HEp-2 cells at 34°C (nonpermissive cells) and in Vero cells at 40°C (nonpermissive temperature). Therefore, we predicted that SeV mutants defective in cap methylation would be moderately attenuated in Vero cells (as VSV hr1 compared to the wt) but severely attenuated in HEp2 cells. As shown in Table 2 and Fig. 3A , the SeV r1782A mutant showed an hr phenotype with a Vero/HEp-2 titer ratio of 100 (compared to 2.3 for the rWT), which supported a possible role of SeV L protein lysine 1782 at the active MTase site. This ratio was much smaller than that for the VSV hr1 mutant (Table 2 ) because rK1782A was also attenuated in Vero cells, reaching a maximum titer of only 4.0 ϫ 10 5 CIU/ml at 120 h p.i., compared to 2.0 ϫ 10 8 CIU/ml for the rWT at 48 to 72 h p.i. (Table 2) . Also, infectious foci counted for r1782A in HEp-2 cells were noticeably smaller than those for the rWT (Fig. 3A) .
Unexpectedly, all tested SeV mutants with amino acid substitutions in the glycine-rich motif produced similar numbers of infectious foci in Vero and HEp-2 cells, with a Vero/HEp-2 1672 MURPHY AND GRDZELISHVILI J. VIROL. titer ratio of about 2.5. However, r1805A displayed slow growth in both Vero and HEp-2 cells, with about a 24-h delay in infectious focus formation and noticeably smaller foci on both Vero and HEp2 cells. To independently confirm these observations, we cloned three representative K1782A, E1805A, and G1806A mutations into a plasmid with the full-length SeV genome additionally encoding the GFP gene and successfully rescued two of the three recombinant viruses (r1805A-GFP and r1806A-GFP) containing the appropriate L mutations (Fig. 3) . Ten separate attempts were made to rescue r1782A-GFP, but no infectious virus was ever recovered, and no GFP signal was visible during these attempts. We think that the combination of negative factors, the K1782A mutation and GFP insertion, made this virus too attenuated for recovery, at least under our standard rescue conditions. For successfully rescued GFP viruses, virus titrations were conducted using Vero and HEp-2 cells, and virus infection sites for rWT-GFP, r1805A-GFP, and r1806A-GFP were compared using fluorescent microscopy. As shown in Fig. 3B for both Vero and HEp2 cells, rWT-GFP and r1806A-GFP viruses had similarly sized foci, with similar GFP signals at 48 h p.i. The r1805A-GFP virus at 48 h p.i. had smaller sites on both Vero and HEp2 cells. However, we did not observe differences in the relative ability of r1805A-GFP to grow on HEp-2 cells compared to that on Vero cells (by CIU counts). Together, these data using SeV-GFP viruses confirmed that the G1806A mutation had no effect on SeV growth in Vero or HEp-2 cells, while the E1805A mutation similarly attenuated virus replication in Vero and HEp-2 cells.
In addition, virus titration experiments were performed with wt or mutant SeVs (and SeV-GFP) on Vero cells at 34°C and 40°C to determine possible ts phenotypes of these viruses, as previously shown for VSV hr1 and other cap methylationdefective mutants (16, 17) . As shown in Table 2 , the rVSV hr1 mutant was clearly ts, with a 34°C/40°C titer ratio in Vero cells of more than 60,000, compared to 75 for wt rVSV. However, only two SeV mutants displayed a ts phenotype, r1782A and r1805A. In agreement with this result, the GFP signal was present in Vero cells at 40°C for the rWT-GFP and r1806A-GFP viruses as early as 48 h p.i. (Fig. 3) . However, there was no GFP signal in cells infected with r1805A-GFP virus at 40°C at any time point (Fig. 3) .
Our titration experiments demonstrated that unlike the r1782A mutant, all recombinant SeVs with amino acid substitutions in the glycine-rich motif did not display hr phenotypes. We wanted to confirm this result using a separate assay to test for the ability of these mutants to generate infectious particles in HEp-2 versus Vero cells (rather than their ability to form infectious foci, as in our titration experiments). Therefore, we conducted a multistep growth kinetic assay for these viruses by infecting Vero cells at a low MOI, harvesting cell supernatants at various time points, and assaying them using Vero cells to
In vitro mRNA synthesis with SeV L mutants in A549 cytoplasmic extracts. To express the SeV P and L proteins, A549 cells were infected with VV-T7 at an MOI of 2.5 PFU/cell and transfected with wt P and wt or mutant L plasmids (the mock sample was VV-T7 infected but had no plasmids). (Top) Cytoplasmic extracts were prepared and incubated at 30°C with polymerase-free SeV RNA-N template in the presence of [␣-
32 P]CTP. Labeled RNA products were purified and analyzed by agarose-urea gel electrophoresis and visualized by autoradiography. The position of the SeV NP mRNA is indicated. "% Txn" shows mRNA levels relative to those of wt SeV L protein (100%) using a PhosphorImager and represents the average of two or three experiments where variation was less than 15%. (Bottom) Immunoblot analysis of a portion of the A549 extracts used for in vitro transcription using a mixture of SeV P and L antibodies. The positions of the P and L proteins are indicated. determine viral titers for each time point. As shown in Fig. 4 , most recombinant viruses, except for SeV r1782A, displayed similar growth kinetics in Vero cells, with all titers peaking at 60 h p.i. The rK1782A mutant grew very slowly in Vero cells, producing about 2.5 ϫ 10 2 CIU/ml at 72 h p.i. (Fig. 4) and reaching only 4.0 ϫ 10 5 CIU/ml at 120 h p.i. While the r1804A, r1806A, and r1804A/1806A viruses all behaved similarly to the rWT, r1805A had about a 12-h delay in virus production. In HEp-2 cells, r1782A could be detected only at 96 and 120 h p.i. (maximum titer, 2 ϫ 10 3 CIU/ml at 96 h p.i.), and the infection of HEp-2 cells with r1805A was clearly delayed, with viral titers beginning to increase after 72 h p.i. In addition, two SeV mutants, r1804A and r1806A, behaved very unusually in HEp-2 cells, with r1804A growing considerably faster than the rWT and r1806A growing considerably slower than the rWT. The presence of both mutations in r1804A/1806A produced an intermediate-growth phenotype, suggesting that these mutations had a reciprocal effect when present together. Despite these differences in growth kinetics, all recombinant viruses, except for r1782, were able to grow in HEp-2 cells to relatively high titers, which was consistent with our titration experiments ( Table 2 ) and suggested that the amino acid substitutions in the glycine-rich motif did not abolish the L protein MTase function. Analysis of mRNA cap methylation by recombinant SeV mutants. In addition to a phenotypic analysis of SeV mutants, we directly tested mutants for their abilities to methylate viral mRNAs in vitro. The limitation of the above-described VV-T7-based in vitro transcription assay with plasmid-expressed P and L proteins is its dependence on the vaccinia virus vector, which provides trans-active viral MTases (24) , thus making these systems unusable for our studies of SeV MTase function. Therefore, the effects of SeV L protein mutations on viral mRNA cap methylation were studied using detergent-activated purified viruses naturally carrying active virion-bound polymerase, as was conducted previously for VSV (16, 17) . In addition to recombinant SeV, we used wt rVSV and rVSV hr1 viruses as positive and negative controls for cap methylation throughout all these assays. It is important that in contrast to the VSV system, the reactions with detergent-activated purified SeV (and many other members of the Mononegavirales) virions require the addition of cytoplasmic extracts to each reaction mixture (11, 35, 38, 39) . However, such an addition would be very undesirable for our experiments, as these extracts might contain trans-active cellular cap MTases, which could complement L protein defects in cap methylation and thus prevent discrimination between mutants based on their ability to methylate mRNA caps. Therefore, we optimized the SeV in vitro transcription conditions using purified tubulin, which has been shown to stimulate SeV virion transcription even when other cellular components are absent (35, 39) . Interestingly, our optimal reaction conditions, producing amounts of viral mRNA similar to those of reactions with cell lysate from Vero cells (data not shown), generated about 200-fold less viral mRNA than did VSV virions transcribed under the same conditions (Fig. 5A) . Nevertheless, despite these big differences in the efficiencies of mRNA synthesis, [␣-
32 P]UTPlabeled SeV mRNA was easily detectable (Fig. 5A) , and we proceeded to compare all our SeV mutants for their ability to (i) synthesize and (ii) methylate viral mRNAs in vitro.
Figure 5B shows a representative gel with [␣-32 P]UTPlabeled viral mRNA produced by detergent-activated purified wt and mutant SeV virions (all purified viruses were tested by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis, confirming that similar amounts of virus were used for each reaction) (data not shown). We did not observe any dramatic reduction in mRNA synthesis for most mutants, although r1782A produced about 60% less mRNA than did the rWT. Interestingly, the L-1782A protein produced viral mRNA levels similar to those of L-WT in the VV-T7-based in vitro transcription system. The decrease in mRNA synthesis by purified r1782A virions could be a result of a partial loss of virion activity, as r1782A virus was collected for purification 5 days p.i. due to its slow growth (compare to 2 to 3 days p.i. for the rWT and other mutants). Interestingly, r1804A, r1806A, and r1804A/1806A showed a slight increase (10 to 20%) in viral mRNA synthesis compared to that of the rWT (Fig. 5B ). Next, we tested all our mutants for their abilities to methylate cap structures using wt rVSV and rVSV hr1 viruses as positive and negative controls for mRNA cap methylation. For this assay, in vitro transcription by detergent-activated purified virions was conducted with cold nucleoside triphosphates and [ 3 H]AdoMet (methyl group donor) in the presence or absence of AdoHcy, a competitive inhibitor of AdoMet-dependent MTases. The total RNA was purified and used for measurement of [ 3 H]Met incorporation into mRNA as assayed by binding to DEAE-cellulose paper and scintillation counting. As shown in Fig. 5C , most SeV virions tested produced similar mRNA methylation patterns, with cap methylation being completely abolished in the presence of AdoHcy, as in the case of wt VSV. The only SeV mutant that showed no detectable methylation in the absence of AdoHcy (as for the VSV hr1 mutant) was SeV r1782A, which is consistent with its hr phenotype. Interestingly, the SeV r1805A mutant always showed an intermediate level of cap methylation (Fig. 5C ), with about a 60% reduction in [ 3 H]Met incorporation into viral mRNA. To test whether no mRNA methylation in r1782A and a decrease in cap methylation in r1805A were results of the inhibition of MTase activity rather than decreased mRNA synthesis, a portion of the total mRNA produced with [ 3 H]AdoMet (Fig. 5C ) was examined by Northern blot analysis using a specific riboprobe against the SeV NP gene. As shown in Fig.  5D , most SeV mutants produced mRNA levels similar to those of the rWT (with about 40% for r1782A), further indicating that K1782A and E1805A mutations specifically affected mRNA cap methylation rather than viral mRNA synthesis.
DISCUSSION
In this study, we conducted site-directed mutagenesis of the SeV L polymerase protein by targeting several amino acid residues within domain VI homologous to those previously shown to be important for mRNA cap methylation in VSV (16, 17, 29, 30) . The present study is the first mutagenic analysis of L protein domain VI conducted for any members of the Mononegavirales other than VSV. In addition to VSV L protein domain VI, our previous study identified a new region between VSV L aa 1450 and 1481 that was critical for mRNA cap methylation (16, 17) . However, we did not find any significant homology between rhabdo-and paramyxoviruses in this variable region between conserved domains V and VI, and in that initial study, we targeted only those amino acids that were homologous between VSV and SeV. Therefore, we generated six mutant SeV L genes, K1782A, G1804A, E1805A, E1805V, G1806A, and a double mutant, G1804A/G1806A; in addition, we made the L-⌬VI mutant, with a deletion of the entire domain VI (7) .
When these mutant proteins were tested for their abilities to synthesize mRNA using a VV-T7 expression system, we found that while most mutants retained normal RNA polymerase activity, two mutants, L-E1805V (but not L-E1805A) and L-⌬VI, were completely inactive. The loss of activity in L-⌬VI was not surprising, as even a smaller deletion within domain VI abolished RNA synthesis by the VSV L protein as a result of an inability of this mutant to form the P-L complex required for normal L RNA polymerase activity (7). Unlike mRNA capping, which is tightly coupled with mRNA transcription, viral mRNA synthesis proceeds with similar efficiencies in the absence or presence of the methyl group donor AdoMet (2), and therefore, cap methylation is not required for mRNA 32 P]UTP. The mRNA products were purified, separated by urea-agarose gel electrophoresis, and visualized by autoradiography. The position of the SeV NP mRNA is indicated. "% Txn" shows mRNA levels relative to those of wt SeV (100%) using a PhosphorImager and represents the average of two or three experiments where variation was less than 15%. (C) Eighty micrograms of purified wt SeV (lane 1) or mutant SeV (lanes 2 to 5) was detergent activated and used for in vitro mRNA synthesis in a 200-l transcription reaction mixture in the presence of [ 3 H]AdoMet and with (gray bars) or without (black bars) the addition of AdoHcy. Under all conditions, RNA was purified, additionally separated from nucleotides using gel filtration columns, and used for the measurement of [ 3 H]Met incorporation into mRNA as assayed by binding to DEAEcellulose paper and scintillation counting. (D) Northern blot analysis to compare viral mRNA levels produced by SeV mutants in the absence of AdoHcy (top) or to compare mRNA levels produced with and without AdoHcy (bottom). For Northern blotting, 1/10 of the mRNA produced as described (C) was separated in a 1.2% agarose formaldehyde gel system, transferred onto a nylon membrane, and incubated with an RNA probe complementary to the SeV NP gene.
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SeV L PROTEIN AND mRNA CAP METHYLATION 1677 synthesis in members of the Mononegavirales. Thus, we think that the inactivation of L-⌬VI transcription had no relation to the cap methylation function of this protein but that the deletion negatively affected the overall conformation of the L protein, resulting in a defect in P protein binding (7) or other functions important for normal L protein RNA polymerization activity. The inactivation of the L-E1805V protein was more surprising, as a similar substitution in the VSV hr1 mutant (D1671V), while abolishing cap methylation, had no effect on VSV mRNA synthesis (17) . It is likely that the amino acid substitution in the L-E1805V protein negatively affected L protein folding, resulting in a complete inactivation of this protein; however, we were unable to yet reveal the specific defect of this mutant protein.
All mutations that passed the in vitro transcription test were cloned into the SeV full-length infectious cDNA plasmid, and recombinant infectious viruses r1782A, r1804A, r1805A, r1806A, and rG1804A/G1806A were successfully recovered and characterized. We conducted phenotypic and biochemical analyses of these mutants using wt and hr1 recombinant VSV viruses as convenient positive and negative controls, respectively, for the hr and ts virus growth phenotypes and mRNA cap methylation activities.
First, we conducted a phenotypic analysis of SeV mutants by testing their relative growth at 34°C in Vero cells against HEp-2 cells by virus titration or by multistep growth kinetic analysis using these cell lines. Previous studies linked the inability of VSV cap methylation-defective mutants to grow in HEp-2 cells to a viral defect in mRNA cap guanine-N7 methylation and the consequent nontranslatability of primary VSV transcripts (16, 17, 24, 25) . It was also suggested that host cells methylate viral mRNA in permissive cell lines through an unknown mechanism (24) . It should be noted that the VSV hr1 mutant, while unable to grow in HEp-2 cells, was also attenuated in Vero cells (titer on Vero cells of 2.4 ϫ 10 9 CIU/ml for wt VSV, compared to 6.0 ϫ 10 7 CIU/ml for the VSV hr1 mutant). Therefore, while a Vero/HEp-2 titer ratio could serve as a good indicator of a possible defect in cap methylation (e.g., for the VSV hr1 mutant), we expected an attenuation of cap methylation-defective SeV mutants in both Vero and HEp-2 cells. In agreement with a possible role of lysine 1782 as an active site of the L protein MTase domain, the SeV r1782A mutant was attenuated in both Vero and HEp-2 cells and showed an hr phenotype, with a Vero/HEp-2 titer ratio of 100 (compared to 2.3 for the rWT). Given the importance of the glycine-rich motif in VSV and other MTases and the homology of the substituted amino acids in SeV to those shown to be critical for guanine-N7 methylation in VSV (16, 17, 29, 30) , we expected that all other tested SeV mutants would also be hr restricted. To our surprise, most of mutant viruses with amino acid substitutions in the glycine-rich motif grew normally not only in Vero but also in HEp-2 cells, indicating that they were not defective in cap methylation. r1805A displayed slow growth in both Vero and HEp-2 cells, with about a 24-h delay in infectious focus formation and noticeably smaller foci on both Vero and HEp2 cells. However, we did not observe differences in the relative ability of r1805A (or r1805A-GFP) to grow on HEp-2 cells versus that on Vero cells by CIU counts, indicating that r1805A retained at least some MTase activity.
We also tested SeV mutants for their temperature sensitivity in Vero cells at 34°C against that in Vero cells at 40°C. Although the ts phenotype alone could not indicate whether SeV mutations affected viral MTase activities, our previously tested VSV mutants defective in cap methylation were also ts (16, 17) .
Again, most of the tested SeV mutants were not ts, with the exception of r1782A and r1805A, displaying a clear ts phenotype similar to that of the VSV hr1 mutant. Together, our phenotypic analysis of recombinant SeV mutants identified only one mutant, r1782A, that behaved similarly to the VSV hr1 mutant (hr and ts), indicating that all other tested SeV L mutants retain at least some cap methylation function. To directly test SeV mutants for their MTase functions, we conducted mRNA cap methylation analyses using an in vitro transcription assay with detergent-activated SeV virions and tested viral mRNA products for the presence of methyl groups. Unfortunately, in contrast to our previous VSV studies (16, 17) , we were unable to conduct a very detailed analysis of the SeV cap structure because of very low levels of viral mRNA produced in vitro (about 200-fold less viral mRNA than that for the VSV in vitro transcription system). Nevertheless, our assays (supported by the above-described virus growth analysis) allowed us to make general conclusions about cap methylation function in all tested SeV mutants. Thus, consistent with the above-described phenotypic analyses, the r1782A mutant was completely defective in cap methylation, while r1805A displayed about a 60% decrease in cap methylation. Our data are the first to experimentally support previously reported computational predictions (5, 13) , suggesting the importance of the invariant lysine (position 1782 in the SeV L protein) and the glycine-rich motif in different members of the Mononegavirales.
The invariant lysine (L positions 1782 in SeV and 1651 in VSV) is conserved in most members of the Mononegavirales and was predicted to be the first lysine within the so-called K-D-K-E tetrad catalyzing an S N 2 reaction-mediated 2Ј-O methyl transfer in 2Ј-O MTases (12, 19, 23) . In West Nile virus (WNV) (a flavivirus), a similar substitution of K61A (K61 is a putative functional analog of K1782 in SeV L) in the NS5 protein, which also carries both guanine-N7 and ribose 2Ј-O MTase activities, specifically inhibited 2Ј-O cap methylation (41, 51) . In contrast, the K1782A mutation in SeV L (this study) and the previously analyzed VSV K1651A (homologous to SeV K1782A) substitutions abolished both guanine-N7 and 2Ј-O methylation (29) . This discrepancy between WNV and members of the Mononegavirales can be explained by the different order of cap methylation previously shown for flaviviruses (GpppA3m7GpppA3m7GpppAm) (51) and previously proposed for VSV (GpppA3GpppAm3m7GpppAm) (30, 45) . While the inactivation of 2Ј-O methylation by the substitution of the catalytic lysine (K61) could not affect guanine-N7 methylation in WNV due to the order of cap methylation (41, 51) , it prevented guanine-N7 methylation in VSV (30) and in SeV (K1782A mutation in this study), suggesting that paramyxoviruses may use the same order of cap methylation as VSV. It is important that that the cap methylation order for members of the Mononegavirales is still controversial, with some evidence pointing to both orders. The in vitro results using detergent-activated VSV (Indiana strain) virions proposed the following order of MTase reactions: GpppA ϩ AdoMet (low concentration)3GpppAm ϩ AdoMet (high concentration)37mGpppAm (30, 45) . However, the previously reported in vivo data for VSV (Indiana strain) mRNA synthesis in the presence of the methylation inhibitor cycloleucine (36) and in vitro transcription data for the VSV New Jersey serotype (20) suggest that the reverse order of VSV mRNA methylation (GpppA37mGpppA37mGpppAm) can also occur. Moreover, a previously reported study showed that SeV produces mRNAs methylated at both the guanine-N7 and 2Ј-O-adenosine positions or at guanine-N7 only (m7GpppA) but did not detect any mRNAs methylated only at the 2Ј-Oadenosine position (44) . Finally, a previous study showed that Newcastle disease virus (NDV), another paramyxovirus, produces viral mRNAs that are not 2Ј-O methylated at all (9) .
While our results show clear similarities between VSV K1651A and SeV K1782A mutants (both completely defective in cap methylation), the amino acid substitutions in the L protein glycine-rich motif had milder (E1805A) or nonsignificant (G1804A and G1806A) effects on viral mRNA cap methylation. Generally, this region, especially the second glycine residue (G1806 in SeV L), is sensitive to amino acid substitutions, as demonstrated for VSV and many other known AdoMet-dependent MTases (34), including cap mRNA MTases of vaccinia virus (33, 43) , reovirus (31) , and eukaryotic cells (47, 50) . The previously characterized VSV mutants with homologous changes in the glycine-rich motif showed the following cap methylation phenotypes: (i) Ͻ1 to 20% for guanine-N7 (depending on in vitro conditions) and about 40% overall methylation for the VSV G1670A mutant (homologous to the SeV G1804A mutant) compared to wt VSV (30), (ii) Ͻ1% for guanine-N7 and 2Ј-O methylation for the VSV D1671V mutant (similar to the E1805V [not rescued] and E1805A mutants) compared to wt VSV (17, 30) , and (iii) Ͻ1 to 20% for guanine-N7 (depending on in vitro conditions) and about 40% overall for the VSV G1672A mutant (similar to the SeV G1806A mutant) compared to wt VSV (16, 30) . Although the VSV G1670A and G1672A mutants retained a substantial 2Ј-O MTase activity, they were severely inhibited in their guanine-N7 MTase activity (30) . Importantly, under in vitro conditions similar to those utilized in this study, these VSV mutants showed no detectable guanine-N7 methylation, while the SeV G1804A and G1806A mutants did not significantly affect guanine-N7 or 2Ј-O cap methylation. The tolerance of the SeV L protein to the amino acid substitutions G1804A and G1806A is also supported by the fact that the double substitution G1804A/G1806A had little effect on virus growth or mRNA methylation in vitro. Interestingly, we found that while both r1804A and r1806A had normal mRNA synthesis and cap methylation, they behaved very unusually during multistep growth in HEp-2 cells, with r1804A growing considerably faster than the rWT and r1806A growing considerably slower than the rWT. The presence of both mutations in r1804A/ 1806A produced an intermediate-growth phenotype, suggesting that these mutations had a reciprocal effect when present together. Further experiments are needed to elucidate the molecular basis for the differences between r1804A and r1806A in HEp-2 cells.
While we still do not understand the exact mechanism of the hr restriction of cap methylation mutants of VSV, the hr analysis of SeV mutants justifies the future use of this approach as a supporting assay to determine the cap methylation status of SeV mutants in addition to the direct cap methylation analysis. Thus, although none of the tested SeV mutants showed a Vero/HEp-2 titer ratio as dramatic as that for the VSV hr1 mutant (more than 60,000), the only SeV mutant with asymmetric attenuation in HEp-2 cells was the rK1782A virus (with a Vero/HEp-2 ratio of 100), and this mutant was also completely defective in cap methylation. The only other SeV mutant attenuated in HEp-2 cells (although equally in Vero cells) was r1805A, which also showed a 60% reduction in cap methylation. Therefore, while the ability of a mutant (VSV or SeV) to grow in HEp-2 cells may not be sufficient by itself to determine the methylation status of viral mutants, our data for SeV r1782A and r1805A mutants show that this assay can be successfully used to complement an in vitro cap methylation analysis of SeV mutants.
We propose two main theories to explain the tolerance of the SeV L protein to the G1804A, G1806A, and G1804A/ 1806A substitutions. First, it is possible that, despite a homology between VSV and SeV at the glycine-rich motif, this region is not an AdoMet-binding site in SeV and possibly other paramyxoviruses and that an actual AdoMet-binding site could be located at a different position in the SeV L protein. Importantly, even in VSV, a putative role of this motif as an AdoMet-binding site was postulated based on computational predictions and site-directed mutagenesis studies, but no experimental biochemical data are available to date for the L protein of any member of the Mononegavirales directly demonstrating that this or any other L region actually binds AdoMet. While different AdoMet-binding site locations in SeV and VSV are a possibility, the complete inactivation of L cap methylation by K1782A (the first lysine of the catalytic K-D-K-E tetrad in 2Ј-O MTases is generally positioned upstream and in a close proximity to the AdoMet-binding site) and about a 60% decrease in methylation by E1805A support another hypothesis, that while the glycine-rich motif is likely to be the SeV L protein AdoMet-binding site, SeV and possibly other paramyxoviruses are far more flexible to the amino acid substitutions in this motif than VSV. Such tolerance may explain why while most members of the Mononegavirales, including VSV and SeV, have the motif G(D/E)G(S/A)G (glycines important for VSV cap methylation are underlined) (Fig. 1) , more variation in this motif can be found in the members of the family Paramyxoviridae, especially in the genera Rubulavirus (subfamily Paramyxovirinae) and Avulavirus (subfamily Pneumovirinae), which have the motif AEG(S/A)G, very similar to the sequence for our mutant SeV r1804A (AEGAG). Interestingly, the avian pneumovirus L protein has a motif, AEASG, which is similar to that of our SeV double mutant r1804A/1806A (AEAAG), which had a wt growth phenotype and a normal mRNA cap methylation pattern. Previously, Li et al. (30) speculated that these differences at the glycine-rich motif between NDV (genus Avulavirus) and VSV may account for the differences of these viruses in cap methylation pattern (the NDV caps are not 2Ј-O methylated at all) (9) . However, our data suggest that these sequence variations among paramyxoviruses reflect their tolerance to amino acid substitutions and are not functionally important, as r1804A, r1806A, and r1804A/1806A mutants displayed a normal cap methylation pattern.
Although we did not find dramatic differences between SeV VOL. 83, 2009 SeV L PROTEIN AND mRNA CAP METHYLATIONr1804A, r1806A, r1804A/1806A, and the rWT using our experimental conditions, the wt glycine-rich motif sequence may be beneficial during normal viral infection, and we believe that there must be some evolutionary basis for the sequence conservation of this motif among paramyxoviruses and members of the Mononegavirales in general. Hence, we are planning to conduct a comparative pathogenesis study with mice (which are a natural host for SeV) to determine the role of the mutated amino acid residues during normal infection and thus to understand why the glycine-rich motif is conserved in paramyxoviruses (and other members of the Mononegavirales) if it can be mutated without serious consequences to virus fitness. In addition to a better understanding of the biology of these viruses, these experiments would have important practical implications because targeting amino acid residues critical for cap MTase function in VSV, SeV, and other members of the Mononegavirales could be used to rationally attenuate these viruses (or manipulate their hr) for the development of live attenuated viruses and their use as vaccine (6), oncolytic (46) , and gene therapy (14) vectors.
